Immunocytochemical localization of DAMP, a reagent used to detect low pH intracellular compartments, was studied in cultured neurons from rat hippocampus and in frog retinas. We find that DAMP is more sharply localized and that the immunocytochemical reaction is stronger when horseradish peroxidase or other proteins are included in the medium used to administer DAMP to the cells. A likely ex-
Introduction
In recent years, weakly basic vital dyes such as neutral red and acridine orange have been widely used to detect low pH compartments within cells and in cell fractions (6; for reviews see 1, 3, 4, 9, 13, 14, 16) . Molecula of thex "acidotropic dyes" are believed to penetrate membranes much more readily in unprotonated form, when the molecules are uncharged or minimally charged, than when they carry positive charges as a result of being protonated. Correspondingly, the distribution of dye across a membrane depends heavily on pH gradients across the membrane, and the dye accumulates differentially in low pH compartments within the cell because protonation is promoted by low pH. A similar mechanism is believed to underlie the accumulation of DAMP [ 3-(2,4-dinitroanilino)3'amino-Nmethyldipropylamine], a weakly basic dinitrophenol derivative (3) . One advantage of DAMP, as compared to most of the vital dyes, is that sites at which tissues have accumulated DAMP can be detected in fixed tissues. Aldehyde fixatives are used to immobilize DAMP, which then can be localized by immunocytochemistry, employing suitable anti-dinitrophenol antibodies.
Little is known of acidified compartments in neurons and related cells, although proton pumps are present in certain types of synaptic vesicles (19) . Recently we have concluded, from studies with vital dyes and detection of weak base-induced changes in morphology, that some of the compartments in frog retinal photoreceptor neurons are acidified (19 probably lysosomes-in the cell body. In the photoreceptors' presynaptic terminals, the low-pH compartments seem to include some of the structures that participate in the recycling of membranes. The latter findings, and the fact that acidified compartments such as endosomes play key roles in endocytic membrane cycles in non-neuronal cells, raise the possibility that acidified, endosome-related structures Participate in the cycling of synaptic vesicles.
DAMP procedures, however, failed to yield precise enough electron microscopic localizations in the frog retinal photoreceptors for us to analyze the presynaptic terminals (19) . The antibodies employed to detect DAMP stained the cytoplasm diffusely, although there did seem to be some concentration in lysosomes. We thought this distribution was likely to reflect, at least in part, technical problems related to difficulties in fixing DAMP in place rapidly enough to prevent its diffusion away from sites of high concentration during tissue preparation. Such problems could be due simply to the relative thickness of the retinal slices we use, but additional factors also may be important. Little is known of the actual cross-linking reactions important for retaining DAMP in tissues. (For cxample, the extent to which DAMP molecules become linked to one another could sigruficantly a&ct the outcome of fixation.) One would expect, however, from general considerations of aldehyde fixation, that the DAMP molecules become fixed in place partly because they become linked to nearby macromolecules such as proteins. If the structures of interest to us contain few appropriate macromolecules within their interiors, as might especially be the case for the electron-lucent vesicles and related membrane-recycling structures in the presynaptic terminals, DAMP might not be fixed rapidly enough to keep it in place. Most prior studies with DAMP haw been of compartments. such as secretory granules, endocytic structures, lysosomes or huns-Golgi structures, which contain concentrated populations of proteins (cf. discussion in 2) .
The present communication explores these technical matters of DAMP localization experimentally. To minimize problems of fixative penetration we haw used dissociated hippocampal tissue maintained in culture. In addition, we have provided some of the compartments of interest to us with additional interior sites to which DAMP could be cross-linked. We did so by exposing the hippocampal cultures to horseradish peroxidase (HRP). HRP is a relatively small protein which we know to be readily cndocytosed by neurons into the compartments we are studying (cf. 10.18; reviewed in 11) and which is retained well by fixation with aldehydes. We carried out a less extensive series of similar experiments on frog retinas.
Materials and Methods

Cultures
P
Rat hippocampal cultures enriched for pyramidal neurons were prepared from E18 Spraguc-Dawley rat embryos (Charles River; Wilmington. MA) and grown on poly-D-lysine-coated glass cmnlips or poly-L-ornithine-coated Aclar (12) . The culture methods were based on thosc of Goslin and Banker (7) and Roscnbcrg and Aizcnman (17) . The principal modifications (Rayport, unpublished) were the use of 1% ncwborn calf serum (Hyclonc Labs; and 0.5% superoxide dismutasc (both from Sigma; St Louis, MO) to the medium, ne humidity and 5 % co2, Five PM arabinoside was added 24-48 hr lftcr plating to suppress glial and fibroblastic growth. Cultures were used at 3-7 days after plating. when the ncurites were well developed. During the cxposurcs to the dyes and other reagents below, the cells were maintained at 37'C in 5 % COz. Or in DPBS [Ca-Mg-free Dulbccco's phosphate buffered saline (Mediatech; Washington. DC)]; 0.1% neutral red (tissue culture grade; Sigma) was added in the same buffer and the C C~ were observed with an inverted microscope over the next 45 min. similar to thosc used for the hippocampal cultures, except that the DAMP concentration was 100 pM and the medium was our standard frog Ringers (111 mM NaCI, 2.0 mM KC], 2.7 mM NaHCO,, 0.45 mM CaC12, 5 mM glucose; pH 7.4). Fixation was for 60 min in 3% paraformaldchydc-O.i% glutaraldchyde, pH 7.4, in Ringers at 30-370c. After ,--yoprotection with sucrosc, frozen scctions for DAMP immunocytochemistry were cut at 20 pm.
HRP Uptake. Cultures were rinsed in MEM and incubated for 30 min in 0.5% HRP [Type I1 or enzymatically inactive Type VI (IHRP); Sigma] in MEM. The cells were then rinsed in MEM and fixed. for 5 min at 37'C and then for 1 hr at room tempenturc. in 3% paraformaldehyde plus 0.1-1% glutaraldehyde. in MEM at pH 7-7.4. Free aldehydes were then quenched by exposure to 50 mM NH4CI ( 5 ) and HRP was detected by our usual diaminobenzidine procedures (18) derived from those of Graham and Karnovsky (8) . Control cultures incubated in HRP-free medium were processed identically to the HRP-exposed material.
Immunocytochemistry
The material was first exposed for 30 min at room temperature (rm T) to our "carrier" medium (1% normal goat serum, 1% BSA, 150 mM NaCI. and 2 mM MgC12, buffered at pH 7.4 with 10 mM sodium phosphate buffer). Next it was pcrmcabilized by treatment for 5-10 min at -2O'C with 0.005% Triton X-100 and 0.1% saponin in this same medium. The Preparations were then exposed, for 2 hr at rm T or overnight at 4'C. to DAMP. Cultures were rinsed in MEM and then incubated for 30 min in MEM containing 50 pM DAMP (courtesy of E. Fujimoto; Pierce Chcmical CO, Rockford. 1L) with or without 0.5% HRP (Type I1 or iHRP as above). Control cultures were incubated without DAMP. The cultures were fixed by the same procedures as were used for HRP above. and for photography, the preparations were rinsed in PBS (10 mM Na phosphate buffer, 150 mM NaCI, 2 mM MgC12, pH 7.4) dehydrated in cthanol. and mounted in glyccrogel or rinsed in 4 mM carbonate buffer, pH 10. and mounted in glycerol with paraphenylenediamine ( 5 ) .
Preparations were studied and photographed with a Nikon Optiphot microscope with a DM510 B2A filter cube for F I E and a green interfcr-
Retinas
Frog (h'JaP$'ic'JJ) retinas Prepared and incubated bY Our usual Procedures (18) . They were incubated for 60 min at room temperature with a humidified 100% 0 2 atmosphere in DAMP 01 DAMP-HRP by methods Ncurral red uptake w1s srudicd in living culturcs with an Olympus IMT-2 invcrrcd microscopc.
Results and Discussion
To obtain an initial idea of the locations and appearances of intracellular compartments that accumulate acidotropic weak bases in the cultures, we used neutral red. Acridine orange proved much less suitable. in part because it rapidly engendered toxic effects. As we would have expected from our experience with retinal neurons, neutral red accumulated in relatively large bodies in the neuronal and glial cell bodies, and in similar-looking, more widely scattered structures along neuron processes (Figure 1) . From electron microscopy and immunocytochemical staining with antibodies to synaptic vesicles (Augenbraun and Holtzman. unpublished), we know that accumulations of synaptic vesicles reminiscent of those seen at presynaptic terminals, and capable of accumulating HRP, occur, in our cultures. at localized swellings and intersections along the neuron proccsscs. We &r to thex swellings and intersections as "varicosities" (see Figure 2) . Varicosities accumulated neutral red (Figure 1b) but the staining was faint and diffuse.
Staining with neutral red was antagonized by the presence of other weak bases such as ammonium chloride (50 mM) or chloroquine (75 pM). This effect is believed to reflect a "competition" wherein the other bases reduce the pH gradients on which staining depends. In fact, the antagonism between bases such as ammonium chloride and acidotropic stains is one of the key lines of evidence underlying the conclusion that staining with acidotropic dyes is based on pH gradients (see Introduction; see also 15) .
HRP was taken up by the cultured neurons and glia into sites within the cell bodies and processes similar to those that accumulate neutral red (Figure 2a) , suggesting that many of the compartments we are studying lie on endocytic pathways, related either to lysosomal degradation or to membrane recycling (9) . HRP labeling of varicosities was readily apparent (Figure 21 ). Control preparations (cultures incubated without HRP or with iHRP) showed no cytochemical reaction in the diaminobenzidine medium.
Neurons and glia in cultures exposed to DAMP without HRP usually exhibited some immunocytochemical staining in the perinuclear region of the neuron cell bodies and more widely distributed staining in the glia. Howcvcr. the staining was weak, diffuse, and variable. Staining in the neuron processes was often only barely detectable. In the pilot experiments in which we obtained such localizations, we fixed our tissue at room temperature or on ice. An initial period of fixation at higher temperature, as in the protocols described above, improved matters somewhat, yielding stronger staining (Figure 2b ) and some localization to &rete bodies like those seen with neutral red. This improvement, however. was marginal compared with that obtained by adding HRP.
Both the enzymatically active and the inactive forms of HRP produced much more intense and reproducible DAMP staining in neuron and glial cell bodies, with much of the fluorescence being localized to discrete structures (Figure 2c ). Dramatic staining also was observed regularly in the varicosities along neuron processes (Figure 2c ). The fluorescence in such sites usually appeared diffuse, although of course this might simply mean that the structures involved are closely packed or are too small to be visualized with our optical system. DAMP-HRP incubation of the retinas resulted in striking staining of the photoreceptors (Figure 3) . Staining was seen in the same regions of the photoreceptors we previously had found to stain with acridine orange (19) and to accumulate HRP (18), i.e., in the cell bodies above the nuclei and in the presynaptic regions below the nuclei. Detailed study of the subcellular localization of this stain was precluded by the relatively thick sections and by the appreciable fluorescence -some specific for DAMP and some nonspecificof outer segments and of other cell types in the retina, such as the Muller cells. We did, howmr, have the impression that with DAMP the stained structures in the cell body d o not swell as markedly as they seem to with acridine orange.
Immunocytochemical controls (e.g.. omission of DAMP from the initial incubation medium or omission of the anti-DAMP antibody) showed only background fluorescence in the cultures or the photoreceptors Exposure of the cultures or retinas to 25 mM N h C I or to 5 mM benzylamine (6.19) along with the DAMP and HRP resulted in greatly reduced staining of cell body structures and the photoreceptor terminals and complete abolition of staining of the varicosities along the neuron processes (Figure 2d ). [As in our prior work on retina (19) . exposure of the hippocampal cultures to NH4CI does not prevent or reverse the endocytic accumulation of HRP within the terminals and cell bodies.] The fact that DAMP staining in the cell bodies was not completely abolished by the presence of other weak bases may reflect. in part, the presence of anionic molecules that bind cations in lysosomes and other StruCtUrCS (1.20.21).
Overall, our results suggest that the utility of DAMP for detecting acidified intracellular compartments in n c u d tissue is enhanced by providing an endocytosable protein along with DAMP. (We haw recently found that results similar to those with HRP are obtained by using our culture medium, which contains proteins, to administer DAMP.) Our working assumption is that DAMP becomes linked to the protein molecules during tissue preparation, but this, of course, will require verification. That the assumption is a plausible one is indicated by experiments in which we mixed DAMP with gelatin and HRP or gelatin plus HRP and then subjected blocks or smears of the mixtures to procedures similar to those we used to localize DAMP in the cultures and retinas. DAMP is readily detectable immunocytochemically in these "models," although some is lost from the protein mixture during fixation.
Once we solve some still formidable problems of immunocytochemical methodology, our observations should facilitate exploitation of the DAMP method for electron microscopy of neural tissue. Note, howewr, that our findings indicate that the accumulation of DAMP detectable in intracellular compartments of neurons can be strongly influenced by factors in addition to acidification. As outlined in the Introduction, the present consensus about mechanisms of staining with weak-base vital dyes and related molecules, such as DAMP, emphasizes the central influence of pH gradients on transmembrane distribution. The fact that acidified structures in cell fractions can accumulate weak bases, including vital dyes, and the competitive &ts of other weak bases on intracellular staining with the dyes or with DAMP, argue against the proposition that endocytosis of the dye molecules or DAMP determines the staining patterns. Our findings do not contradict such considerations, but they do suggest the need for special caution, with neural tissue, in moving from qualitative interpretations to the quantitative interpretations that have been developed for other cell types.
